Electrical properties, i.e., dielectric hysteresis and leakage current, of epitaxial Pb͑Zr 0.2 Ti 0.8 ͒O 3 films with bottom SrRuO 3 electrode and different metals as top contact were investigated. The leakage current is largely insensitive to the work function of the top metal but increases with decreasing electronegativity as well as with decreasing number of electrons on the d-shell of the top metal. The best rectifying properties are obtained for metals with complete d-shell ͑Cu, Au, Ag, Pd͒, while the metals with few electrons on the d-shell ͑Ta, Cr͒ form Ohmic-like contacts.
I. INTRODUCTION
Lead zirconate-titanate ͑PZT͒ solid solutions, especially in thin film form, are of important scientific and technological interest. 1 Despite the fact that the electric and ferroelectric properties of PZT thin films are thoroughly investigated, little attention has been given to the nature of the metal contacts on this type of material.
For a proper interpretation of the experimental data acquired on metal-ferroelectric-metal ͑MFM͒ structures, for instance, capacitance-and current-voltage characteristics, it is important to know whether a metal contact on PZT has Schottky ͑rectifying͒ or Ohmic behavior. For example, a calculation of the dielectric constant for a partially depleted ferroelectric film with rectifying contacts by simply using the equation of a parallel-plate capacitor is not correct. 2, 3 The character of the metal contact on ferroelectric materials might also have profound theoretical implications. As it was mentioned by Vanderbilt and King-Smith, 4 an insulating interface is enough for the presence of bulk dielectric polarization. Therefore, to evidence the presence of the ferroelectric polarization it is sufficient to have rectifying contacts on a material that is not necessarily insulating, as it is the case for the recently reported ferroelectricity in the semiconductor InP. 5 This might not apply in the case of ceramic bulk or films, where the grain boundaries might play the leading role instead of the metal-ferroelectric interfaces, but it might be very important in the case of epitaxial films of single-crystal quality. Recent studies have shown that high-quality epitaxial PZT films should be regarded as semiconductors rather than insulators. 6, 7 The type of the metal-ferroelectric contact is important in relation to the transport phenomena in MFM structures. The presence of Ohmic-like or poor rectifying contacts might explain why sometimes high leakage currents are observed in epitaxial PZT films. 8, 9 Few studies have been dedicated to the type of contact ͑rectifying, Ohmic͒ formed by various metals on PZT films. Robertson and Chen 10 theoretically investigated Schottky potential barriers of a few metals on various ferroelectric perovskites including PbTiO 3 . Early experiments addressing this problem were performed by Dey et al. 11 They found that on ceramic paraelectric La-doped PbTiO 3 films, noble metals form Schottky contacts, whereas the transition metals form Ohmic-like contacts. Scott 12,13 also drew attention to the importance of the electrode-ferroelectric interface for memory devices and studied the breakdown phenomena in ferroelectric capacitors with different metal electrodes.
The present study addresses the influence of various top metal electrodes on the electric properties of epitaxial PZT films in order to establish the metals that experimentally form rectifying or Ohmic contacts. Shedding light into this problem is equally important for the correct interpretation and extraction of the material properties from the results of the electrical measurements performed on ferroelectric capacitors, as well as for the correct design of equivalent circuits of electronic devices based on ferroelectric materials.
II. EXPERIMENTAL
Vicinal single-crystalline SrTiO 3 ͑001͒ substrates with a miscut angle of 0.1°were employed to grow the epitaxial films. The thin films were fabricated by pulsed laser deposition, employing a KrF excimer laser ͑ = 248 nm͒. The SrRuO 3 ͑SRO͒ layer, used as bottom electrode, was deposited at a substrate temperature T = 700°C in a background atmosphere of 100 mTorr oxygen, with a laser fluence ͑en-ergy density͒ ⌽ L =2 J/ cm 2 and at a laser repetition rate L = 5 Hz. The subsequent PbZr 0.2 Ti 0.8 O 3 ͑PZT͒ layer was grown at T = 575°C in 200 mTorr oxygen, ⌽ L =2-3 J/ cm 2 , and at L = 5 Hz. After the deposition the entire PZT/SRO/STO heterostructure was cooled down with a cooling rate of 20°C / min, in 1 bar oxygen atmosphere. Transmission electron microscopy analysis revealed that the PZT films are almost free of extended structural defects ͑dis-locations, 90°domain walls͒ in the thickness range of 100-150 nm. Detailed structural characterization of the films can be found elsewhere. 14 It was concluded that the films are of single crystal quality and only point defects ͑e.g., oxygen vacancies͒ can affect the electrical properties of the metal-PZT-SRO structures. It is known that the point defects can have a major impact on the concentration of the free carriers and on the formation of potential barriers at the metal-PZT interface. 15 The metal contacts were deposited on top of the PZT film through a shadow mask ͑70ϫ 70 m 2 ͒. Pt and Ta were deposited using radio-frequency magnetron sputtering. Cu, Au, Al, Cr. Ni, Pd, and Ag were deposited by thermal evaporation. All these metals were deposited on the same PZT/ SRO/STO structure, avoiding in this way variations in the quality of the bottom PZT-SRO interface.
The top metals can be divided into two sets, as shown in Table I . The first set is comprised of metals with completely filled d-shell but with different work functions as well as different electronegativities. The second set is comprised of metals with decreasing numbers of electrons in the d-shell or with no d-shell.
The hysteresis measurements were performed by using a TF 2000 Analyzer ͑AixACCT GmbH͒. The applied voltage was of triangular shape with a frequency of 1 kHz. We remind here that the hysteresis measurement is based on the integration of the total current 18 flowing through the ferroelectric capacitor ͑the metal-PZT-SRO sandwich structure͒. In real capacitors, the current has two components: the displacive current ‫ץ‬D / ‫ץ‬t and the leakage current J l . The first component gives the hysteresis loop in case of ferroelectrics, while the second component just inflates the loop. 19 Therefore, the presence of a large leakage current will alter the hysteresis loops in the sense that these will be inflated. The larger the leakage current the more inflated will be the loop until the point when no hysteresis is visible. We draw also the attention that the leakage current affecting the hysteresis loop is not the same with the true steady-state leakage current. Current transients may be present in the case of hysteresis measurements, considering that the measurement time is very short ͑1 ms͒ and that the compensation charges might not have enough time to settle after polarization switching. The true leakage current was measured at a fix voltage by using a Keithley 6517 electrometer with built-in voltage source. The measurement was performed in real dc conditions, after all the current transients are gone and the current reading is stable.
III. RESULTS AND DISCUSSIONS

A. Hysteresis measurements
The results of the hysteresis measurements are presented in Fig. 1 for the metal giving the best hysteresis ͑Cu, complete d-shell͒, for the metal giving the worst hysteresis ͑Ta, 3d-electrons͒, and for Pt ͑9d-electrons͒. As mentioned above, the hysteresis loop can be affected by the leakage current. Analyzing the loops in Fig. 1 we see that the largest effect from the part of the leakage current is obtained in the case of top Ta contact. The best results in terms of the effect of the leakage current, i.e., lowest contribution to the polarization hysteresis, are obtained in the case of copper. Very good results are obtained also with Au, Ag, and Pd ͑not shown͒. The effect of the leakage current on the hysteresis loop increases in the case of Ni top electrode, and becomes dominant in the case of top Cr, Ta, or Al electrodes.
In our discussion we should take note that the SRO is considered to form Schottky contacts on PZT, with a barrier of about 0.8-0.9 eV. 7, 20 The main question that arises is: Why are the hysteresis loops so drastically affected by the change of the top electrode? We may assume that the change occurs because the magnitude of the leakage current changes when different metals are used as top electrode. We remind here that the metal-PZT-SRO sandwich can be regarded as a back-to-back connection of two Scottky diodes, 7 and the leakage current is limited by the diode that is reverse-biased for the applied voltage polarity. We mention that, no matter the polarity, one of the diodes is reverse-biased. Therefore, the magnitude of the leakage current for a given voltage polarity will depend on the rectifying quality of the reversebiased Schottky diode. The bottom SRO-PZT contact is the same; thus its rectifying properties are the same. However, the rectifying quality of the top Schottky contact may depend on the properties of the metal used as electrode. Based on this, we can say that Cu or Au has better rectifying properties than Cr or Ta.
B. Leakage current
Further, we tried to investigate the link between the leakage current and the properties of the top metal. Therefore, we have measured the leakage current for a given voltage and for different top metals. The dominant conduction mechanism in the case of epitaxial PZT thin films is the Schottky emission. 1, 6, 7 The charge injection is determined by the height of the potential barrier at the metal-ferroelectric contact, although the whole leakage current through the MFM structure might be bulk limited. 1, 21 The magnitude of the current density is in this case
where ⌽ B 0 is the potential barrier height at zero applied field and ⌬⌽ is the barrier reduction due to the Schottky effect.
The ⌽ B 0 − ⌬⌽ difference gives the apparent potential barrier. The pre-exponential term is not dependent on the height of the potential barrier. Therefore, it is not relevant for the present analysis.
Equation ͑1͒ shows that the leakage current density is directly dependent on the potential barrier ⌽ B 0 . In the Schottky theory, 22 the height of the potential barrier is simply assumed as the difference between the metal work function ⌽ m and the electron affinity of the semiconductor. It results in that there should be a direct relation between the magnitude of the leakage current and the work function of the metal. According to this theory, the larger the work function, the higher the potential barrier and the lower the leakage current. Therefore, we have represented the magnitude of the leakage current function on the work function of the metals used as top electrodes ͑see Fig. 2͒ . It can be observed that there is no correlation between the magnitude of the leakage current and the work function of the top metal. Even for metals with about the same value of the work function, as are Ni and Au, the difference between the leakage current densities could be as large as two orders of magnitude. We may conclude that the simple Schottky theory, in which ⌽ B 0 = ⌽ m − , is not working in the case of metal-ferroelectric contact.
It has to be mentioned that in the Schottky theory of a metal-semiconductor contact are two limits: the Schottky limit, mentioned above, in which the interface states are not affecting the barrier and the Bardeen limit, in which the potential barrier at the metal-semiconductor interface is totally controlled by the density of the interface states D it . 23 The interface states are considered through a factor S, defined as
The S factor is unity ͑S =1͒ in the case of Schottky limit, when the interface states are not playing any role, and the S factor is zero ͑S =0͒ in the case of Bardeen limit, when the height of the potential barrier is set only by the interface states. In the real systems the value of S is somewhere between zero and unity ͑0 Ͻ S Ͻ 1͒. Therefore, we have tried to analyze if the interface states are affecting the potential barrier at the metal-PZT interface. The S factor can be estimated by using an empirical relation proposed by Moench, 24 in which this factor is dependent only on the optical dielectric constant of the semiconductor material. The value obtained for PZT is about 0.25, considering an optical dielectric constant of 6.5. This suggests a considerable influence of the interface states on the magnitude of the potential barrier at the metal-PZT interface. 25 With S = 0.25 the expected potential barrier for each metal can be estimated from the following equation if the band gap E g of PZT, its electron affinity , and its neutrality level ⌽ 0 are known:
It can be seen that S = 1 corresponds to Schottky limit, when ⌽ B 0 = ⌽ m − , while S = 0 corresponds to the Bardeen limit, when ⌽ m does not play any role in the height of the potential barrier. The charge neutrality level ⌽ 0 was calculated to be about 1.9 eV for a similar compound ͑PbTiO 3 ͒. 10 The electron affinity for PZT is 3.5Ϯ 0.2 eV. 13 The gap value E g for PZT with a Zr/Ti ratio of 20/80 is about 3.9 eV. 26 The calculated barrier ⌽ B 0 heights are given in Table I . Again, the highest potential barrier is obtained for Pt, while Cu has a much lower barrier, suggesting that the leakage current should be much smaller in the case of Pt. This is not in agreement with the experimental results shown in Fig. 2 .
We mention that an incorrect application of the Schottky formalism can lead to erroneous conclusions. For example, one can estimate D it from the S factor if we know the dielectric constant i and thickness ␦ of the interface layer. 2 Considering the S-factor 0.25, taking i as the permittivity of the free space 0 , 23 and considering ␦ of the order of 1 Å, 1 D it would be of the order of 10 14 cm −2 eV −1 , which is equivalent to about 10 C / cm 2 . This is surprisingly close to the magnitude of the ferroelectric polarization; thus we may conclude that the Schottky formalism works for the metal-PZT interface. However, we have to keep in mind that the S factor is not dependent on the metal used as electrode; thus D it , i , and ␦ should change in such a way that the S factor remains the same for all metals. Such a behavior is doubtful.
According to the above discussion it results that solely Schottky formalism with or without considering the presence of the interface states is not able to explain the behavior of the leakage current in the case of the metal-ferroelectric interface. We might also suspect that there are additional factors, other than the metal work function and interface state densities, which control the height of the potential barrier at the metal-PZT interface. Figure 3 shows the leakage current density as a function of electronegativity and the number of electrons on the d-shell. The numbers for the metals used as top electrodes were taken from handbooks. It appears that the leakage current density increases with decreasing electronegativity of the top metal electrode. This result is similar to the finding that the Schottky barrier of various metals on semiconductor binary compounds is proportional to the electronegativity difference between the metal and semiconductor. 27 Considering the epitaxial PZT as semiconductor we may expect that the height of the potential barrier decreases as the electronegativity of the top metal decreases, leading to a larger leakage current for metals with lower electronegativity. According to this theory Pt, which has a higher electronegativity than Cu, should have a higher potential barrier than PZT and a lower leakage current. This is not the case.
The most interesting result is that the leakage current density shows a clear dependence on the occupancy state of contacts on epitaxial PZT. Conversely, Ta with only three electrons on the d-shell forms Ohmic-like contacts on PZT. Based on these observations we may conclude that an important factor affecting the height of the potential barrier of a metal on PZT is the occupancy state of the d-shell.
Other factors might be important in the case of the metals with the same numbers of electrons on the d-shell. The current density is about the same for Cu, Ag, and Au, but is slightly higher in the case of Pd. We refer here to the true leakage current, measured in real dc conditions and shown in Fig. 3 . The true leakage current must not be confused with the leakage current recorded during the hysteresis measurements. The last one might still contain current transients, as the measurements are performed in a very short time ͑1 ms͒. The true leakage current, on the other hand, was measured at fixed voltage after a waiting time of at least 5-10 s, when the current reading was stable. This might explain why the hysteresis loop in the case of Ag contacts is still a little inflated compared to the loops for Cu and Au, while the current densities for the true leakage current are about the same.
Returning to the fact that Pd has a higher true leakage current than Cu, Au, and Ag, we can observe that Pd, like Pt, possesses good catalytic properties. This might have an impact on the formation of the potential barrier with PZT, explaining why their hysteresis loops look similar, with leakage currents of about the same magnitude in Fig. 3 .
Another factor that can impact the height of the potential barrier is the electrical conductivity of the metal. In order to obtain a hysteresis loop less affected by the leakage current, the ability of the metal electrodes to supply faster the amount of compensation charge required by the bound polarization charges located near the interface might become important. We have represented in Fig. 3͑c͒ the current density as a function of the electric conductivity of the tested metals. The values were taken from Ref. 16 . It can be seen that Cu, Au, and Ag, which have the highest electrical conductivity, have the lowest current density. It seems also that for the metals of comparable electrical conductivities, such as Pt, Pd, Cr, and Ta, the important factor is the number of the electrons on the d-shell. Cr and Ta have fewer electrons on the d-shell than Pt and Pd, thus the leakage current is higher.
Another aspect that should be considered is the ability of some metals to form metal-metal bonds with Ti. For example, it was suggested that the occupied d-orbitals of Pt overlap with the vacant d-orbitals of Ti, leading to possible formation of intermetallic compounds ͑TiPt 3 ͒, which can change the interface properties. 28, 29 Returning to the fact that Pd has a higher true leakage current than Cu, Au, and Ag, we can observe that Pd, like Pt and other transition metals ͑Ir, Rh͒, also forms metal-metal bonds with Ti. This might have an impact on the formation of the potential barrier with PZT, explaining why their hysteresis loops look similar, with leakage currents of about the same magnitude in Fig. 3 . We note also that the d-shell electrons of Ti are essential for the stability of the ferroelectric phase. 30 Their potential interaction with the d-shell electrons from the metal electrode might change the stability conditions for the ferroelectric polarization in the PZT interface layer, with direct consequences for the properties of the interface, including the height of the potential barrier. Finally, the symmetry of the hysteresis loop in the case of top Cu electrodes infers that the work function for SRO is about the same as for Cu, around 4.6 eV, and might not have the 5.2 eV value as claimed in other reports. 31, 32 Hartmann et al. 33 reported 4.6 eV for oxygen deficient SRO layers, while a value of about 5.0 eV is obtained for fully oxidized films. Another possible explanation is the formation of a copper oxide layer at the Cu-PZT interface, with metallic properties.
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IV. CONCLUSIONS
We have studied the effect of different top metal electrodes on the electric properties of single-crystalline-like epitaxial PZT films. Several conclusions can be drawn,
• The Schottky formalism developed for metalsemiconductor contacts is not able to explain the behavior of the leakage current for different metals used as top contacts on epitaxial PZT films. This finding is in agreement with new theoretical calculations showing that the Schottky-Mott rule does not apply for metal-oxide interfaces. 35 • The experimental results suggest that an important role in the formation of the potential barrier at the metal-PZT interface is played by the occupancy state of the d-shell. We found that metals with completely filled d-shell, such as Cu and Au, form very good rectifying contacts with epitaxial PZT. As the number of electrons on the d-shell decreases, the rectifying quality of the metal-PZT interface deteriorates so that the metals with only few electrons on the d-shell or without d-shell behave like Ohmic contacts.
• The ability of the substrate to supply the required compensation charges for the bound polarization charge located near the electrode interface seems also to play a role, as the metals with high electric conductivity ͑Cu, Au, Ag͒ show a lower leakage current than the other metals, such as Cr or Ta. This ability is very important in the case of hysteresis measurements, when the compensation should take place very fast after switching the ferroelectric polarization. Otherwise, a higher leakage current is necessary, leading to an inflated loop.
From the fundamental point of view, our results are in agreement with the Vanderbilt's interface theorem. 4 From the experimental point of view, the finding that Cu forms better rectifying contacts on PZT than Pt can explain the high leakage currents often reported for MFM structures with Pt electrodes, as well as the better results observed for PZT films deposited on Cu foils. 36 The first author acknowledges financial support from Volkswagen Stiftung under Contract No. I/77738 and in collaboration with the DINAFER-2-CEEX-06-11-44 project funded by Ministry of Education and Research, Romania.
